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• Abundance of new stable states set by 
interaction rates

Why the (sub-)Weak 
Scale is Compelling

Γ = nσv = H

Measured by CMB + LSS
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Sub-Weakly Interacting 
Massive Particles
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Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Scattering through the Z boson: ruled out

Next important benchmark:
Scattering through the Higgs

�n ⇠ 10�39 cm2

�n � 10�45�46 cm2



Are there ways around 
for the Neutralino?

• Make the Neutralino a 
pure state -- coupling 
to Higgs vanishes

• However, Wino and 
Higgsino pure states 
can be probed by 
indirect detection

g̃ q

q̃

(a)

W̃ qL, !L, H̃u, H̃d

q̃L, !̃L, Hu, Hd

(b)

B̃ q, !, H̃u, H̃d

q̃, !̃, Hu, Hd

(c)

Figure 6.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

interactions of gauge-coupling strength, as we will explore in more detail in sections 9 and 10. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles are
determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.4.9). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃+ c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 6.3a.
In Figures 6.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
fermion) pair is also proportional to the weak hypercharge Y as given in Table 1.1. The interactions
shown in Figure 6.3 provide, for example, for decays q̃ → qg̃ and q̃ → W̃ q′ and q̃ → B̃q when the final
states are kinematically allowed to be on-shell. However, a complication is that the W̃ and B̃ states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section 8.2.

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. (3.4.12), as illustrated in Fig-
ure 3.3i. Among them are (Higgs)4 terms proportional to g2 and g′2 in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (1.1), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section 8.1.

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on µ. Using the general result of eq. (3.2.19), µ provides for higgsino fermion mass terms

− Lhiggsino mass = µ(H̃+
u H̃−

d − H̃0
uH̃

0
d ) + c.c., (6.1.4)

as well as Higgs squared-mass terms in the scalar potential

− Lsupersymmetric Higgs mass = |µ|2(|H0
u|2 + |H+

u |2 + |H0
d |2 + |H−

d |2). (6.1.5)

Since eq. (6.1.5) is non-negative with a minimum at H0
u = H0

d = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that µ should be roughly of order 102 or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |µ|2 and the negative soft squared-mass
terms that we have not written down yet. But why should |µ|2 be so small compared to, say, M2

P,
and in particular why should it be roughly of the same order as m2

soft? The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
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Figure 38: Tree level diagrams for neutralino annihilation into gauge boson pairs.
From Ref. [319].

U =

(
cosφ− − sinφ−
sinφ− cosφ+

)
(181)

and

V =

(
cosφ+ − sinφ+

sinφ+ cosφ−

)
, (182)

where

tan 2φ− = 2
√

2mW
(µ sinβ + M2 cosβ)

(M2
2 − µ2 + 2m2

W cos 2β)
(183)

and

tan 2φ+ = 2
√

2mW
(µ cosβ + M2 sinβ)

(M2
2 − µ2 − 2m2

W cosβ)
. (184)

The amplitude for annihilations to Z0-pairs is similar:

A(χχ→ Z0Z0)v→0 = 4
√

2 βZ
g2

cos2 θW

4∑

n=1

(
O′′L

1,n

)2 1

Pn
. (185)

Here, βZ =
√

1 − m2
Z/m2

χ, and Pn = 1 + (mχn/mχ)2 − (mZ/mχ)2. The sum is

over neutralino states. The coupling O′′L
1,n is given by 1

2 (−N3,1N∗
3,n +N4,1N∗

4,n).
The low velocity annihilation cross section for this mode is then given by

σv(χχ → GG)v→0 =
1

SG

βG

128πm2
χ

|A(χχ → GG)|2, (186)

where G indicates which gauge boson is being considered. SG is a statistical
factor equal to one for W+W− and two for Z0Z0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihi-
lation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos,
however, can annihilate efficiently via these channels, even at low velocities.

109

Large!

h�vi ⇠
✓
2 TeV

m�

◆2

10�26cm3/s



Are there ways around 
for the Neutralino?

• Thermal Wino ruled 
out

• Thermal Higgsino still 
allowed, but can be 
ruled out in the future
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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FIG. 3. Flux upper limits on spectral features arising from
the emission of a hard photon in the DM annihilation pro-
cess. Limits are exemplary shown for features of comparable
shape to those arising in the models BM2 and BM4 given in
[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, 〈σv〉χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on 〈σv〉χχ→γγ . Limits are obtained in a neutralino
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region between the dotted lines corresponds to ⌦ h

2 = 0.12 ± 0.006. In the black shaded region, a
thermal wino exceeds the observed relic density.

which the LHC and direct detection experiments are not sensitive. In particular, if the wino

makes up a non-trivial fraction of the DM, it can lead to observable rates for experiments that

search for photons from DM annihilation. Even in this case, the perturbative annihilation

cross section for winos is not always large enough to be observable. However, as the wino

mass becomes large with respect to the W±-boson mass, non-perturbative SE e↵ects due

to the presence of a relatively long-range potential become important, especially at low

velocities. The impact of the SE on wino annihilation has been studied in detail [1–8] and

must be properly accounted for when computing the wino relic density, as well as its present-

day annihilation cross section. Appendix A reviews the procedure we follow to compute these

non-perturbative e↵ects, and we refer the reader there for an overview of the computation,

as well as a description of the procedure used to minimize numerical convergence problems.

A number of ground- [33–37] and space-based [38–40] experiments place significant

constraints on wino annihilation. The strongest and most robust bounds come from Fermi

[40], for 100 GeV . M
2

. 900 GeV, and H.E.S.S. [33], for 600 GeV . M
2

. 25 TeV.

Cohen, Lisanti, Pierce, Slatyer



Are there ways around 
for the Neutralino?

• Bino escapes
• Pay a fine-tuning price

determine the phase of µ. Taking |µ|2, b, m2
Hu

and m2
Hd

as input parameters, and m2
Z and tan β as

output parameters obtained by solving these two equations, one obtains:

sin(2β) =
2b

m2
Hu

+m2
Hd

+ 2|µ|2
, (8.1.10)

m2
Z =

|m2
Hd

−m2
Hu

|
√
1− sin2(2β)

−m2
Hu

−m2
Hd

− 2|µ|2. (8.1.11)

(Note that sin(2β) is always positive. If m2
Hu

< m2
Hd

, as is usually assumed, then cos(2β) is negative;
otherwise it is positive.)

As an aside, eqs. (8.1.10) and (8.1.11) highlight the “µ problem” already mentioned in section 6.1.
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2

Z . However, in the MSSM, µ is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m2

Hu
, m2

Hd
are supersymmetry-breaking parameters. This has lead to a

widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the effective value of µ to the supersymmetry-breaking mechanism in some way; see sections
11.2 and 11.3 and ref. [66] for examples.

Even if the value of µ is set by soft supersymmetry breaking, the cancellation needed by eq. (8.1.11)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan β,
eq. (8.1.11) becomes

m2
Z = −2(m2

Hu
+ |µ|2) + 2

tan2 β
(m2

Hd
−m2

Hu
) +O(1/ tan4 β). (8.1.12)

Typical viable solutions for the MSSM have −m2
Hu

and |µ|2 each much larger than m2
Z , so that signifi-

cant cancellation is needed. In particular, large top squark squared masses, needed to avoid having the
Higgs boson mass turn out too small [see eq. (8.1.25) below] compared to the direct search limits from
LEP, will feed into m2

Hu
. The cancellation needed in the minimal model may therefore be at the several

per cent level, or worse. It is impossible to objectively characterize whether this should be considered
worrisome, but it certainly causes subjective worry as the LHC bounds on superpartners increase.

Equations (8.1.8)-(8.1.11) are based on the tree-level potential, and involve running renormalized
Lagrangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections ∆V to the effective potential Veff(vu, vd) = V +∆V as a
function of the VEVs. The impact of this is that the equations governing the VEVs of the full effective
potential are obtained by simply replacing

m2
Hu

→ m2
Hu

+
1

2vu

∂(∆V )

∂vu
, m2

Hd
→ m2

Hd
+

1

2vd

∂(∆V )

∂vd
(8.1.13)

in eqs. (8.1.8)-(8.1.11), treating vu and vd as real variables in the differentiation. The result for ∆V has
now been obtained through two-loop order in the MSSM [135, 188]. The most important corrections
come from the one-loop diagrams involving the top squarks and top quark, and experience shows that
the validity of the tree-level approximation and the convergence of perturbation theory are therefore
improved by choosing a renormalization scale roughly of order the average of the top squark masses.

The Higgs scalar fields in the MSSM consist of two complex SU(2)L-doublet, or eight real, scalar
degrees of freedom. When the electroweak symmetry is broken, three of them are the would-be Nambu-
Goldstone bosons G0, G±, which become the longitudinal modes of the Z0 and W± massive vector
bosons. The remaining five Higgs scalar mass eigenstates consist of two CP-even neutral scalars h0

92
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Are there ways around 
for the Neutralino?

• Tune away the coupling 
to the Higgs

• Smaller cross-sections 
correspond to more 
tuning in the neutralino 
components
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Figure 17: The gray shaded areas depict target regions in the (m�, �SI

) plane for thermal
bino/Higgsino DM, superimposed on the current limit from XENON100 and the projected
reaches for LUX and XENON1T. The edge of these gray regions at low m� results from the LEP
requirement of |µ| & 100 GeV, while the largest value of m�, just above 1 TeV, corresponds to
pure Higgsino LSP, and is present for both signs of µ. The upper dark shaded region is for µ > 0
(here we fix M

1

> 0) with the upper (lower) edge corresponding to low (high) tan �. Much of the
low mass part of this region has been excluded by XENON100. The lower two regions, shaded
in lighter gray, are for µ < 0. The boundary between the µ > 0 and µ < 0 regions occurs at
large tan�, where the sign of µ becomes unphysical. In the µ < 0 regions the cross-section falls
as tan � is reduced towards its value at the blind spot, where M

1

+ sin 2� µ = 0. The contour
between the two µ < 0 regions is given by |M

1

+ µ sin 2�| = 0.1M
1

, roughly corresponding to
a 10% fine-tuning in the scattering amplitude. In the lower region, for each order of magnitude
further reduction in the cross-section, a factor of

p
10 more fine-tuning is required.

of Fig. (7). Pure Higgsino thermal dark matter will also evade discovery for M
1

> 2 TeV, as
shown by the vertical brown bands in Fig. (5).

Fig. (6) depicts current limits and projected reaches for bino/Higgsino LSP which is just
one component of multi-component DM. Present constraints are quite weak, but LUX and
XENON1T will probe the fraction of LSP dark matter powerfully, especially at low LSP mass,
although with the usual blind spot caveat at low tan �.

The more general case of bino/wino/Higgsino DM is shown schematically in Fig. (10), and
contains the interesting possibility of bino/wino thermal DM. Fig. (11) shows the present limits
and future reach for non-thermal production in a slice of parameter space. While three of the
four quadrants are a↵ected by blind spots and are currently unconstrained by direct detection,
all four quadrants will be significantly probed by XENON1T and LUX. Fig. (12) shows the same
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Table 1: Table of SI blind spots, which occur when the DM coupling to the Higgs vanishes
at tree-level. The first and second columns indicate the DM mass and blind spot condition,
respectively. All blind spots require relative signs among parameters, as emphasized in the
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of any of neutralino to the Higgs boson can then be obtained by replacing v ! v+h, as dictated
by low-energy Higgs theorems [45, 46]:
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which implies that @m�i(v)/@v = ch�i�i [47, 48].
Consider the characteristic equation satisfied by one of the eigenvalues m�i(v),

det(M� � 1m�i(v)) = 0. (15)

Di↵erentiating the left-hand side with respect to v and setting @m�i(v)/@v = ch�i�i = 0, one
then obtains a new equation which defines when the neutralino of mass m�i(v) has a vanishing
coupling to the Higgs boson1:
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+ cos 2✓W (M
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))

◆
= 0. (16)

The above equation implies that for regions in which ch�i�i = 0, m�i(v) is entirely independent
of v. At such cancellation points, m�i(v) = m�i(0), so the neutralino mass is equal to the mass
of a pure gaugino or Higgsino state and m�i(v) = M

1

,M
2

,�µ. As long as Eq. (16) holds for the
LSP mass, m�1(v), then the DM will have a vanishing coupling to the Higgs boson, yielding a
SI scattering blind spot. It is a nontrivial condition that Eq. (16) holds for the LSP, rather than
a heavier neutralino, because for some choices of parameters the DM retains a coupling to the
Higgs but one of the heavier neutralinos does not. We have identified these physically irrelevant
points and eliminated them from consideration. The remaining points are the SI scattering

1
We have checked that Eq. 16 can also be derived using analytical expressions for bilinears of the neutralino

diagonalization matrix from Ref. [49].
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Are there ways around 
for the Neutralino?

• Tune away the coupling 
to the Higgs

• Smaller cross-sections 
correspond to more 
tuning in the neutralino 
components
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When Should We Start 
Looking Elsewhere?

• Cannot kill neutralino DM, but 
paradigm does become increasingly 
tuned

• Somewhat below Higgs pole -- 
Neutrino background?

• Well-motivated candidates that are 
much less costly to probe

• Light WIMPs
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

CF1 Snowmass report, 1310.8327



Current Sensitivity 
Limited

4 Models of Dark Matter 11

Despite the richness of the theoretical work, none of these models can provide a physical explanation that
simultaneously accounts for all of the experimental observations without making the assumptions that one
or more of the measurements is flawed. Resolution of this confusing state of experimental data remains a
high priority for the field. It is also potentially within reach for the next generation of experiments. Several
technologies, which include point-contact Ge detectors, cryogenic Ge detectors, two-phase xenon detectors,
bubble chambers and CCD-based searches, are designing the next generation experiments with the goal of
pushing energy thresholds lower. Such experiments are expected to improve sensitivities by an order of
magnitude or more in the 1–10GeV range over the next 5–10 years. In addition, isospin-violating scenarios
strongly illustrate the need to have several direct detection experiments each with a di↵erent target nucleus.

4.4 Direct Detection Methodology

The basic methodology for direct detection experiments is to search for rare events that might be the signature
of WIMP interactions, namely the “billiard ball” elastic scattering of a WIMP from a target nucleus. The rate
of candidate nuclear recoils is converted into a cross section for WIMP-nucleon interactions following a stan-
dard prescription that includes the e↵ects of nuclear physics and astrophysical properties [23]. Experiments
can be sensitive to both nuclear spin-independent (SI) interactions and spin-dependent (SD) interactions.
For the range of momentum exchange of interest, the SI interaction is expected to be approximately coherent
across the entire nucleus, so for a WIMP with equal coupling to protons and neutrons, the rate scales with
the square of the atomic mass of the target nucleus. Current experiments are therefore more sensitive to SI
dark matter than SD dark matter. Experimental results are usually presented as a plot of WIMP-nucleon
cross section versus WIMP mass to allow comparison among experiments. Fig. 7 shows the current SI
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Figure 7. Spin-independent WIMP-nucleon cross section limits vs WIMP mass as of summer 2013.
Experimental limits referenced [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]

landscape, where strict upper limits exist for higher mass WIMPs. Fig. 8 zooms in on the low mass region,
where several “hints” for dark matter have been observed.

The SD interaction is generally divided into proton and neutron couplings; the current situation is sum-
marized in Fig. 9. Only direct detection can provide limits on neutron couplings, but solar neutrinos from
WIMP annihilation in the sun are stronger for proton coupling. Other types of interactions are possible,

Community Planning Study: Snowmass 2013

CF1 Snowmass report, 1310.8327
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Uncertainties

• Experiment: Result assumes a 
particular choice of the energy 
calibration

• Theory: Also assumes spin-
independent, momentum-independent 
scattering

• How do the results fare under more 
general assumptions?



Operator Uncertainties

• Anapole and Dipole 
operators do best job, 
but neither escapes 
constraintsmoment operators,

Oa = ⇧̄�µ�5⇧Aµ (1)

Od = ⇧̄⌅µ⇥⇧Fµ⇥/�, (2)

are unique in that the contributions from spin-dependent and spin-independent scattering
can be equal for some elements (sodium in particular).1 The model that we have in mind
is a massive dark photon kinetically mixed with the visible photon. That the coupling to
nuclei in the scattering goes through the SM photon imposes constraints on the coe⇤cients
of the scattering cross-section which we utilize.

These operators also have unusual velocity and momentum dependence:

⌅a =
µ2
N

4⇤(q2 +M2)2

⇤⇤
4v2 � q2

(mN +m⇤)2

m2
Nm

2
⇤

⌅
F 2
1 + (F1 + F2)

2q2
2

m2
N

⌅
, (3)

⌅d =
4µ2

Nq
2

⇤�2(q2 +M2)2

⇤⇤
4v2 � q2

⇤
1

m2
N

+
2

mNm⇤

⌅⌅
F 2
1 + (F1 + F2)

2q2
2

m2
N

⌅
, (4)

with M the mediator mass, � an expansion parameter (associated in some models with
strong coupling in the DM state), mN the nucleus mass, m⇤ the DM mass, and q and
v the momentum transfer and velocity of the incoming WIMP. We use the standard
notation for the form factors F1, F2 for a coupling of a gauge field to N , e.g. ON ⇥
iAµN̄

�
F1�µ +

iF2
2mN

⌅µ⇥q⇥
⇥
N when N is spin-1/2. This unusual momentum and velocity

dependence has been noted before in other contexts [14, 17–23], though in most of these
cases only some of the terms in the full expression are considered (but see [8]). We find,
by contrast, that both terms arising from the magnetic and electric form factors can be
important and give rise to significantly modified spectra.

In this paper we show that non-standard velocity and momentum dependence can,
depending on how they enter into scattering cross-section, reconcile the DAMA and CoGeNT
regions. The dark magnetic dipole moment interaction in particular has the right structure
to give agreement between the two experiments, consistent with null results of other direct
detection experiments. The dark anapole interaction on the other hand does not bring the
two experimental regions together, and its main benefit is to alleviate tension between DAMA
and the null results. The magnitude of the shifts in the preferred DAMA and CoGeNT
regions, and whether this leads to better agreement, is a detailed numerical question.
This can however be understood qualitatively as follows. CoGeNT records slightly lower
momentum transfer than DAMA, and since these operators are momentum suppressed, this
causes CoGeNT to shift slightly up relative to DAMA in comparison to the standard spin-
independent case. More importantly for these operators, however, is the velocity dependence.

1 The operator which is usually called the anapole couples to the current, Oa = ⇥̄�µ�5⇥⇤⇥Fµ⇥ , as discussed

in [17]. This operator has the same spin structure as Eq. (1), but has an additional q2 suppression.
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FIG. 2. Regions of interest and exclusion curves for relevant experiments and parameters as listed

in Table I, assuming an anapole (14) or magnetic dipole (15) Nucleon-WIMP interaction. We

checked that the strong COUPP bound is weaker than the combination of LUX + PICASSO.

Refer to Fig. 1.

constraint from PICASSO as well, and we checked that the COUPP constraint is weaker

than the PICASSO+XENON bound throughout the region. Both the anapole and dipole in-

teractions bring the three regions of interest into good or marginal agreement, but the Xenon

bounds do not loosen for the anapole in the region of interest relative to the spin-independent

case. For the magnetic dipole, more of the CoGeNT preferred region is consistent with the

LUX bounds, while remaining constrained by XENON10 S2 only.

Fig. 3 shows constraints and regions of interest for other spin-independent interactions,

including momentum-suppressed interactions arising from Eq. (4) and isospin-violating in-

teractions (see [22, 36]), Eq. (12) with fn 6= fp. Even given the “xenophobic” choice,

fn/fp = �0.7, which minimizes DM coupling to Xenon, LUX still rules out all of the DAMA

and most of the CoGeNT regions of interest, and much of the CDMS Silicon region of inter-

est. Furthermore, while older studies emphasized that the xenophobic isospin choice brings

the CoGeNT and DAMA regions of interest into “agreement”, we can see that the 99%

C.L. regions for CoGeNT and DAMA are much closer than in the isospin-conserving case,

but do not overlap with each other or with the CDMS Silicon region of interest. For the

momentum-suppressed spin-independent interaction, the regions of interest shift towards

lower masses to compensate for the momentum suppression, while XENON100 and LUX

constraints shift relatively less since the larger target mass implies a larger momentum trans-

fer in the scattering at a given nuclear recoil energy. This shift is not enough, however, to
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where � = (
p
�p +

p
�n)2, with �p,n the scattering cross-sections o↵ protons and neutrons.

For hSp,ni we take the values as in Table 1 of [30]. Here we are justified in neglecting the

momentum-dependence of the spin-dependent nuclear form factor because we are specializing

to the case of light (mDM . 20GeV) DM where only small |~q|b, where b is nuclear size, is

relevant. For the anapole and dipole cases, WIMPs couple to the electromagnetic current

and lead to spin-independent, angular-momentum- and spin-dependent couplings.2 The

nuclear scattering cross-sections are

�a
N = f 2

a

µ2
N

⇡M4

✓
Z2F 2(A; ~q2)

✓
~v2 � ~q2

4µ2
N

◆
+

J + 1

3J
g2NA

2 ~q2

2m2
N

◆
(14)

�d
N = f 2

d

µ2
N

⇡M4

~q2

⇤2

✓
Z2F 2(A; ~q2)

✓
~v2 � ~q2

4µ2
N

+
~q2

4m2
DM

◆
+

J + 1

3J
g2NA

2 ~q2

2m2
N

◆
, (15)

where J is the spin of the nucleus and gN is the nucleus magnetic g-factor. When reporting

cross-sections, we use the convention �̃ = f 2
aµ

2
n/⇡M

4 for the anapole and �̃ = f 2
dµ

2
n/⇡M

4,

⇤ = 1 GeV for the magnetic dipole. In addition, while recent work has suggested that the

inclusion of proper nuclear responses may be important [32, 33], we have explicitly checked

that, for the low momentum transfer relevant for light DM scattering, their momentum de-

pendence is negligible. Hence we proceed with the usual spin-independent form factors. For

the ~q2 and ~q4 momentum dependent operators O1�O3, as done in [13] we will take the stan-

dard spin-independent scattering cross-section in (12) (for O1) or the spin-dependent scat-

tering cross-section in (13) (for O2,O3) and rescale it by a reference momentum-dependent

factor, (~q2/~q2ref)
n, where n = 1, 2. By default we take |~qref| = 1 GeV. If the mediator mass

is comparable to the momentum transfer, other important e↵ects could occur, which we

neglect here.

III. LIGHT MOMENTUM DEPENDENT DARK MATTER VERSUS XENON

CONSTRAINTS

Our results are shown in Figs. 2-4 for spin-independent, anapole, dipole, spin-dependent,

isospin-violating, and momentum-dependent DM. We include fits to the CoGeNT [4], CDMS

Silicon [21], and DAMA results [2], and constraints from the CDMS germanium low-energy

analysis [9], the XENON10 S2 only analysis [5], XENON100 [6], COUPP [8] and PICASSO

2 See e.g. the appendix of [31].
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SuperCDMS: the nearly 
final word
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.
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FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
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Anomalies probably not 
due to DM ....

• But must be careful not 
to throw baby out with 
bath water

• Low mass DM is 
motivated theoretically, 
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excluded cross-sections
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Light WIMPs: Asymmetric 
Dark Matter

• Standard picture: freeze-out of 
annihilation; baryon and DM 
number unrelated

• Accidental, or dynamically 
related?

nDM � nb

�DM � 5�bExperimentally,
Mechanism

mDM � 5mp
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What Does an ADM 
Model Do?

1. Share an asymmetry between the visible 
and dark sectors

2. Decouple transfer mechanism to 
separately freeze-in the asymmetries in 
both sectors

3. Annihilate the symmetric abundance

4

I. MOTIVATION: WHAT IS ASYMMETRIC DARK MATTER?

The dark matter (DM) and baryon abundances are very close to each other observa-

tionally: ⇢DM/⇢B ⇡ 5 [1]. In the standard Weakly Interacting Massive Particle (WIMP)

paradigm, however, these quantities are not a priori related to each other. The DM density

in the WIMP freeze-out paradigm is fixed when the annihilation rate drops below the Hubble

expansion [2, 3]:

n(Tfo)h�annvi < H(Tfo), (1)

where Tfo is the temperature when DM annihilation freezes-out, n(Tfo) is the DM number

density, and h�annvi is a thermally averaged annihilation cross-section. Thus the macroscopic

quantity of the DM number density in the universe today is related to the microscopic

quantity of the annihilation cross-section. On the other hand in baryogenesis [4–6], the

baryon density is set by CP-violating parameters and out-of-equilibrium dynamics (such as

order of the electroweak phase transition) associated with baryon number violating processes.

Since the quantities setting the baryon density and the DM density are unrelated to each

other in these scenarios, it seems surprising that the observed energy densities are so close to

each other. While it is possible that this is an accident, or that this ratio is set anthropically,

dynamics may also play a role. The theory of DM may, in fact, tie the DM density to the

baryon density.

The connection between the DM and baryon densities arises naturally when the DM has

an asymmetry in the number density of matter over anti-matter similar to baryons.1 The

DM density is then set by its asymmetry, which can be directly connected to the baryon

asymmetry, rather than by its annihilation cross-section. Thus we have

nX � n
¯X ⇠ nb � n

¯b, (2)

where nX , n
¯X are the DM and anti-DM number densities, and nb, n

¯b are the baryon and

anti-baryon asymmetries. The asymmetry is approximately one part in 1010 in comparison

1 In some theories connecting the DM and baryon densities, the DM does not have a matter-anti-matter

asymmetry. Even though the DM is not asymmetric in these cases, we discuss these models in this review

where appropriate.

5

to the thermal abundance, since

⌘ ⌘ nB

n�

=
nb � n

¯b

n�

⇡ 6 ⇥ 10�10, (3)

with the last relation being obtained most precisely from Cosmic Microwave Background

(CMB) data [7]. Since ⇢DM/⇢B ⇠ 5, the relation of Eq. 2 suggests mX ⇠ 5mp ' 5 GeV.

The natural asymmetric DM mass may di↵er from this value by a factor of a few due to the

details of the model.2 Furthermore, since this scale is not far from the weak scale, in some

models the DM mass may be related to weak scale dynamics, reducing the question of why

the baryon and DM densities are close to each other to the question of why the weak scale

is close to the QCD confinement scale. In other models, the DM mass scale is set by the

proton mass scale itself.

The idea that the DM and baryon asymmetries might be related to each other dates

almost from the time of the WIMP paradigm itself [8, 9]. The initial motivation for a

DM asymmetry was to solve the solar neutrino problem, by accumulating DM that a↵ects

heat transport in the Sun, as pointed out by [10]. The subsequent development of DM

models with an asymmetry focused on electroweak sphalerons to relate the baryon and

DM asymmetries [11–15], though such models usually involve electroweak charged DM, and

have become highly constrained by both LEP and the LHC. In other cases decay mechanisms

were utilized [16, 17]. The Asymmetric Dark Matter (ADM) paradigm [18] provided a robust

framework to relate the baryon and DM number densities via higher dimension operators;

it encompasses many realizations and easily evades all experimental constraints. With this

paradigm as a sound and flexible framework, significant activity and development of ADM

models and phenomenology ensued. This development is the subject of this review. More

generally, the ADM mechanism3 works as follows.

2 This natural relationship is broken in two instances. First, if DM-number violating process creating the

DM asymmetry decouples (at a temperature TD) after the DM becomes non-relativistic, in which case

there is a Boltzmann suppression in the asymmetry which scales as e�mX/TD , where mX is the DM mass.

Thus the DM can be much heavier than 5 GeV. Second, if the DM and baryon setting mechanism yields

very di↵erent asymmetries in the visible and dark sectors, the DM may be much heavier or lighter than

5 GeV. We will review models that realize both cases, with the former occurring most prominently in

sphaleron models, and the latter occurring most prominently in decay models.
3 While the name “Asymmetric Dark Matter” was introduced in [18] to describe the higher dimension

operator models proposed there, we use the name “ADM” in this review to describe all models where the

dark matter density is set via its chemical potential.

KZ, 1308.0338
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physics is at a low scale which we can probe.
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Dark Forces and DM 
Interactions

• Dark Forces Very Important for Light 
Dark Matter!

• May also be important for structure of 
DM halos

• May be important for DM direct 
detection and collider searches

3
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
j

f ¯f processes, such that

n
�i

n
�

⇡ neq
�i

neq
�

=

g
i

(1 +�

i

)

3/2
exp(�x�

i

)

ge↵
⌘ r

i

. (3)

We have defined x ⌘ m1/T , �
i

⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
i

(1 +�

i

)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T
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, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.
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explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
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Low Energy Accelerator 
Constraints

sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g

D

p
g

Y

m

W

g

2

, (4)

e�e�

Z

A0

�

FIG. 2: A

0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
Z.

`+

`�
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e�
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e�
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FIG. 3: (a) �

⇤ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A

0 ! `

+
`

� search
channels.

where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A

0 of mass m

A

0 with
energy E

A

0 ⌘ xE

0

is

d�

dxd cos ✓

A

0
⇡ 8Z

2

↵

3

✏

2

E

2

0

x

U

2

Log

⇥

(1� x +

x

2

2
)� x(1� x)m2

A

0

�
E

2

0

x ✓

2

A

0

�

U

2

�
(5)

where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓

A

0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .
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. The hy-
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e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
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ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.
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0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.
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� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .
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erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)
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; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p
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to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
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must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
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). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)
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. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A
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and m
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is the W-boson mass. Equation (4) relates
✏ and m
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0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .
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mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)
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; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫
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must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
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). Note that this does not induce
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the A
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. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
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, and
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gauge couplings, respectively,
and m
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is the W-boson mass. Equation (4) relates
✏ and m
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0 as indicated by the orange stripe in Figure
1 for g
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⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation
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The DM relic density today is given by

⌦dmh
2
=
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i , (5)

where mPl ⇡ 1.22 ⇥ 10
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GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
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= m1/xf

is obtained by solving x
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�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2
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• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
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+ 3Hn
�

= �h�e↵vi
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(2)

where n
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density. In writing Eq. (2) in terms of only n
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, we assume the individual densities n
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chemical equilibrium due to rapid �
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f and �
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$ �
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f ¯f processes, such that
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We have defined x ⌘ m1/T , �
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⌘ (m
i

�m1)/m1, and ge↵ ⌘ P
i

g
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)

3/2
exp(�x�
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), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
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r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
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annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v
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The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (mφ ! mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ! mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large σe at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if φµ decays dominantly to electrons, for which the efficiency factor is f ∼ 1. For φµ

coupling primarily to quarks, f ≈ 0.2 and CMB bounds don’t apply above mX ∼ 2 GeV. Then the minimum
annihilation cross section is 〈σv〉 ≈ πα2

X/m2
X ≈ 10−25cm3/s, giving a bound of αX ! 5.2× 10−5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

√
geff ≈ 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

σn ! 10−48cm2 ×
( mX

GeV

)4
(

GeV

mφ

)6
( µn

0.5GeV

)2
. (34)

Since mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos off of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on σn given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 × 10−11

√

1 GeV/mφ, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)5
( µn

0.5GeV

)2
(35)
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Figure 5: (Left) Constraints on mediator mass mφ and coupling to electrons ge for mφ < mX . The shaded region
is excluded from electron anomalous magnetic moment, beam dump experiments, and supernova cooling [65]. The
red dashed line shows the ge value used to derive the corresponding red dashed line (“C”) in the right plot. (Right)
Constraints on electron scattering from Fig. 4. The boundaries A, B, and C are discussed in more detail in the text.

labeled as “Decay before BBN” in Fig. (4).
For reference, we also give the lower bound on the cross section in the case where mφ ! mX . Here

DM annihilation occurs directly to SM final states through φµ, with annihilation cross section 〈σv〉 =
4αXg2nm

2
X/m4

φ. Since the same combination of parameters enters in both the annihilation cross section and
the nucleon scattering cross section, we can directly apply the relic density constraint to obtain

σn ! 5× 10−37 cm2

(

1 GeV

mX

)2
( µn

0.5 GeV

)2
. (36)

This is the “mφ ! mX” line in Fig. (4). However, this scenario is ruled out by the direct detection limits
on the cross section.

B. Electron Scattering

We consider scattering off electrons for DM in the mass range 1 MeV < mX < 1 GeV. The DM-electron
scattering cross section is

σe = 4αXg2e
µ2
e

m4
φ

. (37)

The lower bound on the scattering cross section can be derived in the same way as in the nucleon case,
taking mφ < mX . Here both CMB and relic density constraints apply, since mX < 1 GeV and the energy
deposition efficiency f ≈ 1 for decay to electrons. We take the bound on the annihilation cross section in
Eq. (16) with cf ≈ 1, giving a lower limit on αX :

αX ! 4× 10−7
( mX

10 MeV

)

√

ln

(

40 GeV

mX

)

. (38)

16

Projected maximum sensitivity of direct detection experiment

Cut-out gives combined constraints of beam dump + supernova + g-2



Map into Direct Detection 
Plane

1 10
mX [GeV]

10-55

10-50

10-45

10-40

10-35

σ
p [

cm
2 ]

Large width

mφ >> mXCRESST-I

XENON 10

Decay before BBN

1 10

10-55

10-50

10-45

10-40

10-35

 

 

 

 

 
  

0.001 0.010 0.100 1.000
mX [GeV]

10-55

10-50

10-45

10-40

10-35

σ
e [

cm
2 ]

m
φ >> m

X
Ge

Large widthDecay before BBN

0.001 0.010 0.100 1.000

10-55

10-50

10-45

10-40

10-35

 

 

 

 

 
    

Figure 4: (Left) Nucleon scattering through a vector mediator. The green shaded region indicates the allowed
parameter space of direct detection cross sections. The lighter green region imposes the bound of thermal coupling
between the two sectors (“large width”) while the larger shaded region only requires mediator decay before BBN.
Also shown is the lower bound for the heavy mediator (mφ ! mX) case. (Right) Electron scattering through a vector
mediator, for mφ < mX (green) and mφ ! mX (red); the intersection of the two regions is shaded brown. We show
the projected sensitivity of a Ge experiment, taken from [64]. Beam dump, supernova, and halo shape constraints
apply here and carve out the region of large σe at low mX . For more details, see the text. In the lighter green region,
the condition of thermal equilibrium between the visible and hidden sectors is imposed.

in this mass range if φµ decays dominantly to electrons, for which the efficiency factor is f ∼ 1. For φµ

coupling primarily to quarks, f ≈ 0.2 and CMB bounds don’t apply above mX ∼ 2 GeV. Then the minimum
annihilation cross section is 〈σv〉 ≈ πα2

X/m2
X ≈ 10−25cm3/s, giving a bound of αX ! 5.2× 10−5(mX/GeV).

Requiring thermal equilibrium between the hidden and visible sectors, we take the bound on gq in Eq. (26),
with

√
geff ≈ 9. Combining the limits above results in a lower bound on the nucleon scattering cross section:

σn ! 10−48cm2 ×
( mX

GeV

)4
(

GeV

mφ

)6
( µn

0.5GeV

)2
. (34)

Since mφ < mX , this quantity is saturated for any mX if we set mφ to its maximum value of mφ ∼ mX .
This bound is indicated by the “Large width” line in Fig. (4). Coincidentally, the lower limit here is similar
to the best achievable sensitivity for WIMP-nucleon scattering if the dominant irreducible background is
coherent scattering of atmospheric neutrinos off of nuclei [71–73]. However, these studies focused on WIMP
DM; for light DM, solar neutrinos become much more important and the best achievable sensitivity may be
several orders of magnitude weaker.
The lower bound on σn given in Eq. (34) is derived by requiring the two sectors be in thermal equilibrium.

We may relax this assumption, and just demand the mediator decay by nucleosynthesis. This gives gq !
1.6 × 10−11

√

1 GeV/mφ, as discussed in Section IVB. For such gq the two sectors are decoupled through
freezeout; then the relic density calculation is slightly more complicated and depends on the thermal history
of the sectors. The change in the relic density then modifies the bound on αX . We have checked that the
full calculation generally only changes the bound on αX by an O(1) factor [33], so here we take the bound
on αX from the large φ width case for simplicity. In this limit, the lower bound on σn is given by

σn ! 5× 10−54cm2 ×
( mX

GeV

)

(

GeV

mφ

)5
( µn

0.5GeV

)2
(35)
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Particular Models Can be 
MUCH More Predictive!

• Predict DD cross-section for 
Asymmetric Dark Matter!

FIG. 4: The predictions for the direct detection scattering cross sections normalized per proton

(�p) for m
DM

= 14.2 GeV, 7.1 GeV and 3.3 GeV. We have plotted current/projected limits (also

normalized per proton) from Xenon-10 (solid black line), Xenon-100 with 6,000 kg-days (dashed

green line), Xenon-1T (dotted blue line) [45], and Majorana (dot-dashed purple line) [46].

VI. COLLIDERS

Finally, we discuss some collider implications of this class of models. There are three
portals into the dark sector which could potentially be probed: photon kinetic mixing, Higgs
boson mixing, and the asymmetry transfer operator.

The MSSM LSP (LSP
MSSM

) is unstable to decay to the low mass hidden sector [48,
49]. One mediation mechanism for decay to the hidden sector is through kinetic mixing,
as discussed in [17, 50]. The collider phenomenology of such scenarios has been studied
extensively recently; see for example [34, 51–57].

Photon kinetic mixing may also be probed via the decays of the LSP
MSSM

to the dark
sector [17, 19]. If the LSP

MSSM

is has electroweak quantum numbers, then it will decay
promptly to its SM partner and a dark gaugino via an ✏-suppressed interaction. This dark
gaugino is stable on detector time scales, and so will manifest as missing energy. More
interesting is if LSP

MSSM

is a neutralino, since it will decay to a dark gaugino and dark
Higgs via ✏ mixing in the neutralino mass matrix. The dark gaugino will again result in
missing energy. However, the dark Higgs will promptly decay back to SM fermions via
mixing with the MSSM Higgs boson. These could produce “lepton jets” [19].

The T and  fields couple to the Z0 and the MSSM Higgs boson via ✏ suppressed couplings,
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FIG. 2: Magnetic dipolar DM �
1

annihilates to ��, �Z,ZZ (Left), while ff̄ occurs by coannihilation only with �
2

(Right).

• In the early Universe, the thermally-averaged coannihilation cross section is suppressed by a Boltzmann factor
exp(��m/T ). For �m ⇠ T

f

, the coannihilation rate becomes moderately suppressed, requiring larger couplings to
reproduce the correct thermal relic density.

• In the present Universe, �2 is not populated, and therefore �1�2 ! f ¯f does not contribute to any indirect detection
signals. However, direct annihilation �1�1 ! �� can occur, and the rate can be enhanced due to the large couplings
required for thermal freeze-out.

Ultimately, within a given model, there will exist a preferred parameter region for �m and couplings that can simultaneously
explain the relic DM density and the observed � signal. In this section, we first discuss some preliminaries for computing the
DM relic density, closely following Ref. [53], and then we consider specific models in parts A and B.

Similar to single species freeze-out, the relic DM abundance for a general coannihilation scenario is computed by solving a
Boltzmann equation

ṅ
�

+ 3Hn
�

= �h�e↵vi
�
n2
�

� (neq
�

)

2
�

(2)

where n
�

⌘ P
i

n
�i is the total �

i

density. In writing Eq. (2) in terms of only n
�

, we assume the individual densities n
�i are in

chemical equilibrium due to rapid �
i

f $ �
j

f and �
i

$ �
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f ¯f processes, such that
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We have defined x ⌘ m1/T , �
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⌘ (m
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g
i

(1 +�
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)

3/2
exp(�x�

i

), with g
i

degrees of freedom for
�
i

. The thermally-averaged effective cross section is h�e↵vi ⌘ P
i,j

r
i

r
j

h�
ij

vi, where �
ij

is �
i

�
j

annihilation cross section
and its thermal average is

h�
ij

vi = x3/2

2

p
⇡

Z 1

0
dv v2 (�

ij

v) e�v

2
x/4 . (4)

The DM relic density today is given by

⌦dmh
2
=

1.07⇥ 10

9
GeV

�1

g1/2⇤ mPl

hR1
xf

x�2 h�e↵vi dx
i , (5)

where mPl ⇡ 1.22 ⇥ 10

19
GeV is the Planck mass and g⇤ is the number of degrees of freedom in the thermal bath during

freeze-out. The freeze-out temperature T
f

= m1/xf

is obtained by solving x
f

= ln

�
0.038 ge↵m1mPl h�e↵vi /pg⇤xf

�
, which

can be done iteratively. Alternately, one can directly solve Eq. (2) numerically; for the cases we consider below, we find that the
agreement with Eq. (5) is better than ⇠ 1� 3% depending on the mass splitting.

Now, we discuss two models which give rise to the Fermi line signal and a correct relic density with the coannihilation effect
in the early Universe.2

2 To be clear, our models rely on the mass splitting �m to suppress h�
e↵

vi, which is dominated by large �
1

�
2

and �
2

�
2

annihilation cross sections. This is
distinct from models where �

1

�
1

annihilation is itself too large, and h�
e↵

vi can be suppressed by 1/g
e↵

by having a “parasitic” species �
2

that does not
annihilate strongly (see, e.g., [54, 55]).
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FIG. 2: Constraints in the ⇥ � gd plane. We have shown the regions which are excluded by BBN

constraints due to �̃d ⇤ �G̃ [39] (orange), B-factories due to direct searches for �d [32] (green), and

precision electroweak measurements due to �d�Z0 mixing [35] (brown). The red region corresponds

to parameters which solve the lithium-7 problem [39]. One the left (right) we show contours where

⇤ is constrained so as not to reach Landau pole before MGUT (10 TeV) for mDM = 14.2 GeV,

mDM = 7.1 GeV and mDM = 3.3 GeV, assuming ⇧DY ⌃ = 72 GeV. The region below these contours

is excluded.

or LQDc. Since there are three MSSM fields involved which do not obtain vevs, at tree
level all asymmetry transfer interactions will involve at least one SM superpartner. For
these processes the transfer rate will be Boltzmann suppressed for temperatures below
the superpartner scale, and will be be strongly suppressed when T ⇥ mDM. So, for low
temperatures (below the SUSY scale), the dominant process arises from a one-loop diagram
where a gluino is exchanged. This coverts two squarks to quarks and generates an e�ective
dimension-7 operator (S�S�dc�dc�uc/M3

eff ). Taking a superpartner scale of 1 TeV, the
requirement that this e�ective operator be out of equilibrium before T ⇥ mDM enforces the
mild constraint M(1) > 2 TeV.

If one imposes the stronger bound that the transfer operator decouples before the EWPT,
a stronger bound on M(1) is present. Depending on the precise spectrum of the superpartner
masses, either the tree-level or loop induced process can be the most important. However,
both give bounds of M(1) ⇥ O(100 TeV). If this stronger condition holds, then the DM mass
is as given in Eq. (19), otherwise Eq. (16) applies.
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FIG. 7: Constraints in the " versus mA0 plane for invisibly-
decaying hidden photons. The bounds from the BABAR
mono-photon data are shown by the blue shaded region. The
blue dashed line shows a “BABAR improved” projection that
assumes a factor of 10 reduction in the �/� background. Pro-
jections for four possible Belle II searches are shown by the
four blue lines, with line styles matching Fig. 5 (see Sec. VI): a
converted mono-photon search (dashed, labelled (a) and (b),
which respectively assume no (a factor of 10) improvement
in the �/� background rejection over the “BABAR improved”
projection), a standard mono-photon search (solid), and a
low-energy mono-photon search (dot-dashed) (see Sec. VI).
Various other constraints (shaded regions) and projected sen-
sitivities (dashed lines) are also shown: the anomalous mag-
netic moment of the electron (ae, red) and muon (aµ, green),
rare kaon decays (brown), and the upcoming electron fixed-
target experiments DarkLight and VEPP-3. In the green
shaded band an A0 could explain the discrepancy between the
measured and predicted SM value of aµ. The gray shaded re-
gion is a constraint from LSND [65], assuming ↵D = 0.1 and
that � has no decay modes available to other light hidden-
sector states that do not couple to the A0. More details are
given in Sec. VB, and we show the corresponding plot for
m� = 10 MeV and 100 MeV in Fig. 10 in Appendix A.

limit on the branching ratio K

+ ! ⇡

+

A

0 from Fig. 18
in [66] (scaled to 95% C.L.), we derive the limit on "

versus mA0 shown in the shaded brown region in Figs. 7
and 10. There are two separated excluded regions (as
opposed to a single continuous region), since the search
K

+ ! ⇡

+

⌫̄⌫ was restricted to certain values of |~p⇡| to
avoid backgrounds.

Several experiments have been proposed with an im-
proved sensitivity to K

+ ! ⇡

+

⌫̄⌫ decays. ORKA [69] is
a proposed experiment to measure this branching ratio

to much higher precision using stopped kaons from the
Fermilab Main Injector high-intensity proton source. Its
detector design is based on the E787 and E949 experi-
ments, and it is expected to detect ⇠ 1000 decays over
five years of data taking, improving the branching ratio
measurement to 5%. ORKA is expected to be able to
take data five years after funding becomes available. A
rough sensitivity estimate of ORKA to K

+ ! ⇡

+

A

0 de-
cays can be obtained by scaling the E949 limit in [66] used
above. First, we assume a factor of 100 increase in the
luminosity. In addition, we assume that the background
rate of K

+ ! ⇡

+

⌫̄⌫ decays agrees with the SM predic-
tion (in E787 and E949 the observed background rate was
found to be twice as large as the SM prediction, but still
consistent with it, thereby weakening the limits slightly).
ORKA can thus be expected to improve the branch-
ing ratio limit by at least ⇠ p

200 ⇠ 14, and improve
the sensitivity to " by 4

p
200 ⇠ 3.8, which is shown in

Figs. 7 and 10 with dashed brown lines. Note that this ig-
nores expected improvements in the ⇡

+-momentum res-
olution. This projected improvement in sensitivity to
the branching ratio is also weaker than what is projected
by the ORKA collaboration for mA0 = 0, namely from
0.73⇥ 10�10 (at 90% C.L.) to 2⇥ 10�12, a factor of 36.5
as opposed to 14 (see e.g. [70]). The ORKA sensitivity
shown in Figs. 7 and 10 should thus be viewed as conser-
vative.

Another experiment with excellent sensitivity to
K

+ ! ⇡

+

⌫̄⌫ decays is NA62 at CERN (with ⇠ 50
events/year) [71]. NA62 may begin data taking within a
year. It uses decay-in-flight kaons and may be sensitive
to lower ⇡

+-momenta and thus slightly higher mA0 . We
do not show a sensitivity estimate for NA62, although it
would be interesting for the NA62 collaboration to look
at this decay mode in detail. Finally, we note that a fu-
ture Project X facility could reach even higher sensitivity
than ORKA or NA62 [55].

2. QED Precision Measurements

An A

0 contributes to the anomalous magnetic mo-
ment of the muon and electron, ae ⌘ (g � 2)e and
aµ ⌘ (g�2)µ [67]. For aµ, this contribution could resolve
the long-standing disagreement between the calculated
(see e.g. [72]) and experimentally measured value [73].
The SM and measured values are

a

SM

µ = (11659180.2 ± 4.2 ± 2.6 ± 0.2) ⇥ 10�10

, (16)

a

exp

µ = (11659208.9 ± 5.4 ± 3.3) ⇥ 10�10

, (17)

and hence the di↵erence

�aµ = a

exp

µ � a

SM

µ = (28.7 ± 8.0) ⇥ 10�10 (18)

is about 3.6�. In Figs. 7 and 10, we show the “2�” region
in which an A

0 helps solve this disagreement by contribut-
ing a

A0

µ = (28.7±16.0)⇥10�10. We also show a “5�” line,

where the A

0 contributes “too much”, a

A0

µ = 68.7⇥10�10.
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data

taking.
The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e

+

e

� colliders. In Sec. IV we describe the BABAR
search [30], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e

+

e

�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [31–46] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [47, 48], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [49, 50].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A

0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e

+

e

� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden

photon. In this scenario, the A

0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [33–35, 47, 51–53]. SM fermions
with charge qi couple to the A

0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <

p
4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0

/mA0 . 1
which is necessary for the A

0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e

+

e

� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /

E events at
low-energy e

+

e

� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production



Summary

• In the last 7-10 years, particle theory has 
undergone a paradigm shift from sole 
focus on weak scale processes

• A key aspect of this paradigm shift is 
towards searching for light hidden 
sectors

• This light hidden sector may play a key 
role in the dynamics of the DM



Summary

• Well-motivated models -- Asymmetric 
Dark Matter in particular

• Intensity experiments are 
complementary to direct detection and 
astrophysical probes

• Many probes coming online in next 
years


